Recently, Redford (2010) Metacognition-defined as thinking about thinking-involves a monitoring and control component (Nelson & Narens, 1990) . The monitoring component is responsible for assessing the mind's basic mental processes (Dunlosky & Nelson, 1992; Koriat & Bjork, 2005; Koriat & Ma'ayan, 2005; Serra & Dunlosky, 2005; Thiede, Anderson, & Therriault, 2003) . Metacognitive monitoring provides information related to how difficult information will be to learn and how well information has been learned. Metacognitive control uses this information to control study. For example, students who quit studying because they decide that the information is already well learned are exerting metacognitive control. In this case, metacognitive monitoring provided information regarding the state of learning (i.e., the information was well learned), and metacognitive control enacted the appropriate action (i.e., to terminate study). Effective metacognitive monitoring and control have been shown to be critical for learning (Thiede, 1999) .
Recently, Redford (2010) provided evidence that rhesus macaques (Macaca mulatta, hereafter referred to as monkeys) and humans both exert metacognitive control when learning dot distortion categories. This task used categories at three different difficulty levels. Humans and monkeys had control over how many dot distortions of the to-be-tested category to view before transitioning to test. Redford found that the humans and two of the three monkeys chose to view more exemplars when the categories were more difficult to learn. This behavior could not be attributed to a learned connection between behavioral responses and consequences-termed associative learning. Responses interpreted as "metacognitive" in earlier work (e.g., Kornell, Son, & Terrace, 2007) were also paired with potentially rewarding consequences (e.g., no penalty for an error, food pellet, correct answer, easier subsequent trial). In the present work, consequences (rewards, punishments) of preparation occurred during the test phase, so they were far removed from the actual (potentially metacognitive) behavior. When associative learning is ruled out, the likelihood that increased study trial views reflect an attempt to compensate for the increased difficulty of the study materials is improved.
one limitation of Redford's (2010) research was that the paradigm confounded difficulty with novelty. To increase difficulty, the visual similarity (i.e., the family resemblance) among the exemplars was reduced, as previous research has shown this to be an effective manipulation (Homa & Cultice, 1984; Posner, Goldsmith, & Welton, 1967) . However, weakening the family resemblance increased the dissimilarity across exemplars, which produced greater trial-to-trial changes in visual appearance, or perceptual changes. Therefore, humans and monkeys may have chosen to view more dot distortions because the novelty was greater when learning the more difficult categories. In other words, the more the shapes changed from trial to trial, the more shapes participants were willing to view. Likewise, the shapes changed little from trial to trial in the low-difficulty condition, which may have encouraged participants to move on more quickly to the more stimulating test phase. Evidence favoring this possibility comes from reports of a novelty preference in humans starting in infancy (e.g., Thompson, Petrill, DeFries, Plomin, & Fulker, 1994) and in monkeys (Golub & Germann, 1998) . Novelty preference has been explored in human infants using Fantz's (1958) preference method. In the traditional paradigm, infants are presented with two stimuli, and they look longer at the stimulus that is more interesting. For instance, infants will look longer at attractive adult faces than less attractive faces (e.g., Samuels & Ewy, 1985) . This research has found an infant preference for any stimulus that is novel when that stimulus is presented alongside a familiar stimulus (e.g., Quinn & Eimas, 1986; Rieth & Sireteanu, 1994) .
This research used the paradigm introduced by Redford (2010) but equated novelty across the difficulty levels. The degree of trial-to-trial changes was due to the strength of the family resemblance among the exemplars. By keeping family resemblance at a fixed level, novelty was controlled. Instead, difficulty was manipulated by changing the number of dots involved in the dot distortions (hereafter referred to as dot count). An increase in dot count increased difficulty, as each pattern required that more details be learned. For example, participants had to encode how 5 angles were arranged with 5-dot distortions, but had to encode the arrangement of 9 angles with 9-dot distortions. Figures 1A, 1B , and 1C show a set of 5-dot, 7-dot, and 9-dot distortions, respectively. The categorization task was first presented to humans to ensure that a metacognitive pattern still emerged. 
experiment 1
In this experiment, human participants studied categories that varied in dot count. Dot count influenced the difficulty level, but the visual novelty was controlled across the difficulty levels. Therefore, if participants monitored the difficulty of the materials and increased their study trial views as A B C the difficulty level required, they were exerting metacognitive control. on the other hand, if participants viewed approximately the same number of trials regardless of difficulty level, they were guided by the novelty of the stimuli, as all dot distortions were equated for trial-to-trial changes.
method
Participants. Forty-nine students from the University at Buffalo participated in this experiment in partial fulfillment of their introductory psychology course requirements. All participants were treated in accordance with APA ethical standards.
design. This experiment was a single-factor design with dot count (5, 7, 9) serving as the within-participant independent variable. materials. The dot distortion categories were created with a method described in Smith and Minda (2002) and originally developed by Posner et al. (1967) . This method began with nine randomly positioned dots within a central 30 × 30 area of a 50 × 50 grid. These nine original dots represent the prototype. From this prototype, dot distortions were generated by moving the dots different distances from their original location. Specifically, dot distortions were built from prototypes by probabilistically moving each of the nine dots into one of five areas that covered a 20 × 20 grid of pixels that surrounded it. For Area 1, the dot kept its original position. For Area 2, the dot was moved to one of the 8 pixel positions in the shell immediately around its original position. For Area 3, the dot was moved to one of the 16 pixel positions in the 2nd shell of pixels around it. For Area 4, the dot was moved into one of the 75 pixel positions in the 3rd, 4th, and half of the 5th pixel shell around it. For Area 5, the dot was moved into one of the remaining 300 pixel positions in the surrounding 20 × 20 pixel grid (i.e., to the 5th, 6th, 7th, 8th, 9th, or 10th shell of pixels around the dot's original position). Dot distortion level was controlled by adjusting the probabilities of dot movement to different areas. Study trials were generated by a Level 5 dot distortion algorithm. For Level 5 dot distortions, the probabilities that the (5, 7, or 9) dots would move to each of the five areas were .200, .300, .400, .050, and .050. These probabilities mean that dot displacement will be moderate. Fifty percent of the time, the dot will remain within the first two areas (the eight pixels immediately surrounding the dot). Forty percent of the time, the dot will move to the third area. Ten percent of the time, the dot will move to the outer fourth or fifth area. These dot distortions form the category for the prototype from which they are derived. After the dots are repositioned in accordance with the relevant probabilities, the dot distortion is magnified threefold to occupy a 150 × 150 pixel space on the screen. As exemplars were generated at a distortion level 5, the exemplars shared an intermediate degree of family resemblance. The low-difficulty, intermediate-difficulty, and high-difficulty conditions consisted of 5-dot, 7-dot, and 9-dot distortions, respectively. The test phase consisted of 22 trials comprising the prototype, five distortion level 5 trials, five distortion level 7 trials, and 11 distortion level 7 trials of a randomly generated prototype (hereafter referred to as random dot distortions). Therefore, each test phase contained 11 distortions that belonged to the studied category and 11 distortions that did not belong to the studied category. These trial types were randomly ordered anew for each test phase. Dot count was applied to dot distortions during the study phase and test phase. So, if the study phase involved 5-dot distortions, the test phase involved 5-dot distortions.
Procedure. Participants were seated in one of three different experiment rooms and read instructions. These instructions described the task's requirements and encouraged participants to move on to the test phase when they felt prepared.
As shown in Figure 2 , each study trial displayed a red dot distortion at the top middle of the screen, a cursor in the center of the screen, and a filled circle at the bottom middle of the screen. on every trial, the dot distortion was presented alone onscreen for 2.5 s, followed by the appearance of the cursor and red circle. once the cursor and circle appeared, participants had the option of moving the cursor either to the dot distortion or to the circle. A quarter-second pause followed all choices. Moving the cursor to the dot distortion gave participants another dot distortion to view. Moving the cursor to the circle transitioned the participants to the test phase Each study phase involved a new to-be-learned category consisting of Level 5 dot distortions. The study phases (5-dot, 7-dot, and 9-dot distortions) were randomized without replacement until participants completed each difficulty level. After all three difficulty levels were finished, the iteration repeated with a new randomly ordered set of three difficulty levels. This randomization-without-replacement process repeated until the end of the experiment. The overall number of studied categories was dependent on how quickly participants went through the study and test phases in the time allotted.
During the test phase, participants decided whether new dot distortions belonged to the studied category. Each test trial displayed the to-be-categorized dot distortion at the top middle of the screen, a cursor in the center of the screen, and a large "N" at the bottom middle of the screen. To accept a dot distortion as a category member, the participant moved the cursor to the dot distortion at the top middle of the screen (the same cursor movement performed during the study phase to view additional dot distortions). To reject a dot distortion as a category member, the participant moved the cursor to the large "N" at the bottom middle of the screen (the same cursor movement performed during the study phase to enter the test phase). Correct responses received a beep to indicate that the participant was correct, and a point was added to the participant's score. Incorrect responses received a 10-s buzzing sound, and 2 points were subtracted from the participant's score. After completion of the final test phase in a cycle (22 trials), a participant began another cycle with a new category to learn. overall, 11% of the transitions to a new study phase involved the same difficulty level (e.g., 5-5). The percentage of these types of transitions is lower because they could occur only when a new, randomized set of three cycles began. Fortyfive percent of the transitions involved an increase in difficulty (e.g., 5-7), and 44% of the transitions involved a decrease in difficulty (e.g., 7-5). The experiment was programmed to run for about 45 min.
results
To confirm that study phase trial-to-trial changes were equivalent, the average logarithmic distances were calculated across each study phase condition of this experiment. This method has been used successfully to calculate distances among dot distortions in earlier work (e.g., Smith & Minda, 2002) . Basically, this procedure compares how different each distortion is from the prototype. For each dot of each distortion, the distance or amount of displacement from the original prototype dot location is measured. once all of these values are summed, the natural logarithm is calculated using the ln function in Turbo Pascal. The distances from the prototypes remained the same, 1.08, 1.09, and 1.09, for the 5-, 7-, and 9-dot distortions, respectively. This analysis confirmed that trial-to-trial variability was controlled.
Study phase difficulty influenced the number of trials that participants chose to view prior to test, F(2, 824) = 5.01, p < .05, MSE = 86.96, h 2 = .012 (see Table 1 , rows 1-3). Follow-up tests found that participants chose to view more trials in the high-difficulty condition and the intermediate-difficulty condition than in the low-difficulty condition. However, no difference was found between the intermediate-and high-difficulty conditions. These data suggest that humans exerted metacognitive control. In line with most of the previous research exploring metacognitive control, participants chose more trials when learning high-difficulty material-in this case, the categories comprising more dots. The equality between the intermediate-and high-difficulty conditions was puzzling. Several previous studies have shown that distortion level is the main factor determining category-learning difficulty (Homa & Cultice, 1984; Posner et al., 1967) , but no research was found that offered evidence that dot count influences category learning. To interpret these data, participants' perception of these distortions was measured.
Sixteen students from the University at Buffalo rated the similarity of 600 dot distortion pairs generated from the same prototype that varied in dot count and distortion level. This paradigm was modeled after that used in Smith, Redford, Gent, and Washburn (2005) . Specifically, distortion levels included 0 (the prototype), 1, 3, 5, and 7 and dot count included 5-dot, 7-dot, and 9-dot distortions. Prototypes for each category were chosen at random. Participants used a scale that ranged from 1 (no difference) to 6 (large difference) and received no feedback on their responses. Analyses of the data revealed a main effect of dot count, F(2, 9597) = 19.81, p < .05, MSE = 3.33, η 2 = .004. Most relevant is that follow-up tests found that participants rated 5-dot distortions as more similar across distortion levels than they did 7-and 9-dot distortions. Moreover, participants rated 7-and 9-dot distortions as equally dissimilar. Put differently, participants perceived 5-dot distortions as sharing greatest similarity. They did not perceive 9-dot distortions as being more dissimilar than 7-dot distortions. Because similarity across exemplars is related strongly to perceived learning difficulty (Homa & Cultice, 1984) , these data provided converging support for the metacognitive control hypothesis. Presumably, participants used perceived difficulty to guide their study view behavior, producing the equal number of 7-and 9-dot study trials, but fewer 5-dot study trials. In contrast, had participants been guided only by novelty, they would have chosen to view an equal number of study trials across conditions as the amount of trial-to-trial variability was equated. Another important issue in metacognition is whether metacognitive control will translate into an improved test performance. In other words, will an increase in study trial views produce increased accuracy on the subsequent test? In this case, study phase difficulty had a marginal influence on test performance, F(2, 824) = 2.46, p < .10, MSE = 165.72, η 2 = .006. Follow-up tests found that only the 5-dot and 9-dot test performances were different (see Table 2 , rows 1-3). In this case, participants' apparent efforts to exert metacognitive control were moderately effective in improving test performance. Because this paradigm provided potential evidence of metacognitive control by human participants, it was presented to monkeys in the next experiment. In the previous experiment, participants exerted metacognitive control by choosing to view the same number of study trials in the 7-and 9-dot conditions, but fewer study trials in the 5-dot condition. Although monkeys did not engage in the similarity rating task described above, previous research suggests that they would be just as likely to view 7-and 9-dot distortions as equally dissimilar (Smith et al., 2008) . Therefore, the same predictions are made here. If monkeys are exerting metacognitive control, they will choose to view more 7-and 9-dot distortions than 5-dot distortions. If monkeys are guided by a novelty preference, then they should view an equal number of study trials across conditions. method Participants. Two monkeys-Murph (14 years old, male) and Gale (24 years old, male)-participated in this experiment. Murph and Gale were the same monkeys that seemingly exerted metacognitive control in Redford (2010) , so they came to this task with substantial experience. The monkeys were housed at the Language Research Center of Georgia State University. They were singly housed in rooms that offered constant visual and auditory access to other monkeys. They also were periodically group-housed with compatible conspecifics in outdoor-indoor housing units. Both monkeys were maintained on a healthy diet including fresh fruits, vegetables, and monkey chow daily, independent of their computer test schedule. The monkeys were not restricted in food intake for the purposes of testing. Each monkey was tested using the Language Research Center's Computerized Test System (LRC-CTS; described in Rumbaugh, Richardson, Washburn, SavageRumbaugh, & Hopkins, 1989; Washburn & Rumbaugh, 1992 ) that consists of a PC computer, a digital joystick, a color monitor, and a pellet dispenser. Monkeys manipulated the joystick through the mesh of their home cages, producing isomorphic movements of an onscreen cursor. Rewarded responses resulted in the delivery of a 94-mg fruit-flavored chow pellet (Bioserve, Frenchtown, NJ) using a Gerbrands 5120 dispenser interfaced to the computer through a relay box and output board (PIo12 and ERA01; Keithley Instruments, Cleveland, oH). Each test session was started by the facility's research coordinator or a research technician. once initiated, monkey tests were autonomous and required no human monitoring. Murph and Gale have participated in dozens of studies associated with cognitive psychology and animal learning, including ones pertaining to spatial and working memory, numerical cognition, judgment and decision making, psychomotor control, discrimination learning, planning, concept learning, categorization, and metacognition. All experiments were conducted after obtaining IACUC approval.
design and materials. This experiment's design was identical to that of Experiment 1, and the materials were generated as described in that experiment.
Procedure. Three modifications were made to the procedures used in Experiment 1. First, instead of verbal instructions, monkeys learned the task's requirements through experience across multiple sessions. Second, rewarded responses yielded food pellets in addition to a beep sound, and errors resulted in a longer buzzing sound (20 s instead of 10 s). Last, the probability of earning pellets during the study phase slowly decreased as additional dot distortions were viewed. For the first trial of each study phase, monkeys were guaranteed a pellet for choosing to view a second dot distortion. Thereafter, for each additional selected dot distortion that produced a pellet, the probability of receiving another pellet decreased by 2% until pellet earnings were at chance levels (50%). Pellet dispersal remained at chance levels for the rest of the study phase. This declining reward rate encouraged monkeys to view variable numbers of study trials. As these probability decrements were applied equally across study conditions, the rate of pellet dispersal, per se, did not have any additional influence on a particular study phase. In other words, any differences in study trial views would not be due to differential reinforcement, as each study condition provided the same probability of reward.
The randomization procedure produced a similar distribution of transitions. For Murph, the study phase difficulty remained the same on 11% of the transitions, increased in difficulty on 43% of the transitions, and decreased in difficulty on 46% of the transitions. For Gale, the study phase difficulty remained the same on 9% of the transitions, increased in difficulty on 45% of the transitions, and decreased in difficulty on 45% of the transitions.
Analyses of the monkey study data differed from the analyses of the human participant data. Instead of performing analyses on whole sessions, each monkey's study phases were partitioned into completed sets of the three difficulty levels (low, intermediate, and high). The set-to-set variability provided the error variance to perform tests of significance. Study phase difficulty influenced the number of trials that Murph viewed prior to test, F(2, 266) = 3.22, p < .05, MSE = 39.13, η 2 = .024 (see Table  1 , rows 4-6). Follow-up tests found that Murph viewed more 9-dot distortions than 5-dot distortions but did not view significantly more 7-dot distortions than 5-dot distortions; and he did not view significantly more 9-dot distortions than 7-dot distortions. Previous research has shown that monkeys display less perceptual sensitivity to dot distortions than humans. Specifically, Smith and his colleagues (2008) presented humans and monkeys with dot distortion pairs. The dot distortions varied in their level of similarity from identical to extremely different (i.e., each distortion was generated from a different prototype, thereby sharing little to no similarity). They found that the monkeys were less accurate at classifying dot distortions as being Same (i.e., when they were identical) or Different. By contrast, the humans had a sharper perceptual acuity for sameness and accurately classified more of both Same and Different trials. So Murph-who was also one of the monkeys that participated in Smith et al. (2008) -may have failed to view more 7-dot distortions than 5-dot distortions because of this weaker ability to perceive small differences among dot distortions. overall, the data suggest that Murph was exerting metacognitive control as he chose to view more study trials in the most difficult study condition relative to the least difficult study condition. Had his behavior been driven by a novelty preference, he would have viewed an equal number of study trials across conditions. Study phase difficulty also influenced Murph's test performance, F(2, 414) = 3.16, p < .05, MSE = 81.35, η 2 = .018. Follow-up tests found that only the 5-dot and 9-dot test performances were different (see Table 2 , rows 4-6).
Study phase difficulty influenced the number of trials that Gale viewed prior to test, F(2, 244) = 6.43, p < .05, MSE = 77.74, η 2 = .050 (Table 1 , rows 7-9). Follow-up tests found that Gale viewed more 7-dot distortions than 5-dot distortions and more 9-dot distortions than 5-dot distortions, but Gale viewed the same number of 7-dot distortions as 9-dot distortions, which mirrored the human data. Thus, the data indicate that Gale exerted metacognitive control in this task and was not guided by a novelty preference. Unlike Murph, study phase difficulty did not influence Gale's test performance, F(2, 372) < 1.00 (see Table 2 , rows 7-9). Although accurate metacognitive control may improve categorization performance for both monkeys and humans, the present paradigm did not provide clear evidence of this benefit. Future research should explore ways to use metacognitive control to improve categorization performance.
The monkeys and the human participants viewed more study trials as the (perceived) difficulty during study phases increased. Previous research confounded difficulty and novelty. This research disentangled difficulty from novelty and provided additional support for metacognitive control in both humans and monkeys.
general discussion
The present research makes a strong contribution to a field already rich in theoretical progress. Past research has provided evidence of metacognitive monitoring by monkeys across numerous tasks, including sparse-dense perceptual discrimination tasks (e.g., Smith, Shields, Schull, & Washburn, 1997) , memory probe tasks (e.g., Smith, Shields, Allendoerfer, & Washburn, 1998) , match-to-sample tasks (e.g., Hampton, 2001) , and numerosity judgment tasks (e.g., . Subsequent research was able to disentangle metacognitive monitoring from associative learning by deferring feedback .
Research continued to build on this knowledge by also demonstrating that monkeys could "comment" on their confidence in their responses. Son and Kornell (2005) and Shields, Smith, Guttmannova, and Washburn (2005) did this by designing a betting paradigm. High-confidence bets resulted in larger rewards and larger penalties for correct and incorrect responses, respectively. Low-confidence bets resulted in smaller rewards and smaller penalties for correct and incorrect responses, respectively. The main finding of these studies was that monkeys made bets that were consistent with their accuracy. That is, they made large bets more often when their response was correct and small bets more often when their response was incorrect. Kornell et al. (2007) used this paradigm in a later study to demonstrate that monkeys can accurately identify their confidence levels across different tasks. Related to this, Smith and his colleagues (2006) demonstrated that monkeys can effectively use the uncertainty response in cases where the tasks (and response options) are constantly changing. These last two studies reveal that these aspects of metacognition are not linked to particular tasks.
Recently, Redford (2010) extended metacognition research by demonstrating that monkeys apparently exert metacognitive control. The present research addresses the primary limitation of Redford's study by discounting novelty as a potential explanation. In that study, difficulty was confounded with novelty (i.e., the dot distortion varied more from trial to trial in the more difficult conditions). In the present study, trial-to-trial variability was equated across conditions; yet, difficulty still influenced study trial views for both humans and monkeys.
This research confirms that monkeys are capable of greater metacognitive sophistication-they can regulate their learning. In other words, monkeys can act upon their environment to improve their level of learning. Murph and Gale seemed to use difficulty (as indexed by perceived similarity) to exert metacognitive control. They were not influenced by novelty or associative learning. However, this area remains largely unexplored, and future research needs to continue investigations into metacognitive control by nonhuman primates. The monkeys' behavior in this paradigm indicates metacognitive control, but the paradigm leaves at least two questions unresolved. First, can accurate metacognitive control produce a corresponding increase in test performance? Metacognitive control had little influence on test performance in this paradigm. As an independent variable, study trial views served well for gauging metacognitive control but seemed ill-suited for assessing whether metacognitive control had an influence on test performance. By replacing the independent variable, this paradigm may provide evidence of this relationship. For instance, metacognitive control may improve test performance if the monkeys are allowed a choice about which categories to restudy rather than choosing the number of category exemplars to view. Another possibility is allowing the monkeys to restudy a category partway into the test phase. Metacognitive control would be demonstrated (and potentially improve test performance) if the monkeys chose to restudy categories only in cases where they were doing poorly on the test items.
Another unanswered question is whether metacognitive control in this task was intimately linked to the difficulty of the study materials, or if it could have been influenced by the test's difficulty? In other words, would monkeys view more study trials in preparation for a more difficult test? one potential method for addressing this issue would be to keep the study phase difficulty constant, but manipulate the test difficulty. Information regarding the test's difficulty could be cued by the color of the stimulus (e.g., red dot distortions preceding a difficult test and green dot distortions preceding an easy test). The present data suggest that monkeys are capable of exerting metacognitive control based on the difficulty of the study materials, which is akin to the student who puts more effort into studying notes for a difficult course than he or she does studying notes for an easy course. If monkeys behave differently at study based on the impending test's difficulty, this would be akin to a student studying harder for an essay exam than for a multiple choice exam.
Another area of interest is whether monkeys can exert metacognitive control in other domains. So, is their metacognitive behavior tied to categorization, or could they use metacognitive control adaptively in other tasks, (e.g. sequence learning) without direct reinforcement for those particular responses? Regardless of which aspects of metacognition are explored in future research with monkeys, the new bar has been set by this and other recent research. At a minimum, metacognitive behaviors need to be independent of rewards (or equivalent in their rewards to nonmetacognitive behavioral responses). Hopefully, research will continue to push the boundaries of
